Large gas cluster ion beam technology answers expectations in the field of material modification, because it provides unique capabilities, such as atomic-scale surface smoothing, shallow implantation and high sputtering yield. The relationship between incident cluster size and irradiation effects observed with large gas cluster ion beam is not yet clearly understood, and in this work we used size-selected Ar cluster ion beam to study the effects of incident energy-per-atom and cluster size on sputtering and secondary ion emission. Incident Ar cluster ions were size-selected by using the time-of-flight (TOF) method. It was found that the secondary ion yields decreased more rapidly with decreasing incident energy-per-atom and that the threshold energy-per-atom for sputtering of Si and Si + were different, because the ionization energy of Si was higher than the surface binding energy of Si. It indicates that cluster ion irradiation sputtered only neutral Si from the surface by under the specific conditions. Key words: Gas cluster ion beam, Sputtering, Secondary ion, Size selection, TOF 1. INTRODUCTION Ar gas cluster ions with energy of 20 keV typically consist of more than thousands of atoms with energies of a few to tens of eV, and induce many unique phenomena such as atomic-scale surface smoothing, shallow implantation and high sputtering yield [1-3]. The gas cluster ion beam (GCIB) technique has attracted much interest as an effective surface modification technique in recent years. We have proposed using GCIB for nano-processing and investigated the irradiation effects of the GCIB. In molecular dynamics (MD) simulation studies, the irradiation effects of large clusters on defect formation and sputtering were found to be dependent on both the incident cluster energy-per-atom and size [4] [5] [6] . However, the changes in surface effects of large gas cluster ion beams observed in experimental studies with varying incident energy-per-atom and cluster size are still not fully understood, because the GCIB has a very broad size distribution. Without size selection, the GCIB size distribution extends from about a few to several thousand atoms. It was reported that the sputtering yields with GCIB strongly depends on the mean cluster size [7] , but the details of the dependence cannot be investigated without size selection. Irradiation with cluster beams size-selected by using a strong magnet has been also studied [8, 9] . However, the magnetic field intensity needed to bend same-energy ions is proportional to the square root of the incident ion size, and therefore it is difficult to select the large ions by using magnetic fields. In this study, the cluster size was selected with the time-of-flight (TOF) method, because it can select the cluster size effectively, irrespective of size. The variation of sputtering yields
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EXPERIMENTAL
In this study we irradiated Si wafers with size-selected Ar cluster ion beams. Fig. 1 shows a schematic view of the gas cluster ion irradiation equipment used for sputtering yield evaluation with size selection. Neutral clusters were formed by adiabatic expansion of highpressure gas (higher than 2 × 10 5 Pa) through a nozzle into vacuum, and were ionized by electrons with energy in the range 70-300 eV emitted from a hot tungsten filament. The mean cluster size distribution of the GCIB was roughly controlled by the inlet source gas pressure (P s ), ionization voltage (V e ) and emission current (I e ). The ionized clusters were accelerated to 20 keV. Two pairs of deflectors installed along the beam line were used for size selection of the primary cluster ion beam. First, the Ar cluster ion beam was chopped to a width of 5 µs by applying a high-voltage pulse at the first deflector. The pulsed ion beam at the first deflector had the same energy and contained various sizes of cluster ions, and therefore small cluster ions would reach the second deflector before larger ones. The ion beam was chopped again to a width of 5 µs by applying a highvoltage pulse at the second deflector after an appropriate time delay from the first pulse. The pulsed ion beam at the second deflector contained a specific size of cluster ions depending on the delay time between the two pulses. The relation between the selected cluster ion mass M, the acceleration voltage V a , the length between the two deflectors l and the delay time between pulses t D is expressed as M=1.9×10
. The mean size range of size-selected cluster ions was varied from 500 to 16000 atoms in this study. For example, a cluster ion beam of Ar 500 , was selected from the GCIB at the conditions of P s = 2 × 10 5 Pa, V e = 300 V and I e = 60 mA (the mean size was below 1000 atoms/cluster), for a cluster ion beam of Ar 2000 we used P s = 5 × 10 5 Pa, V e = 300 V and I e = 30 mA (the mean size was about 2000 atoms/cluster as shown in the dotted line in Fig. 2) , and for Ar 16000 we used P s = 6 × 10 5 Pa, V e = 70 V and I e = 20 mA (the mean size was above 6000 atoms/cluster). The current density of the GCIB without size selection was higher than 100 µA/cm 2 . The maximum current density of the sizeselected cluster ion beam was about 500 nA/cm 2 for Ar 1000 irradiation, and the minimum current density was maintained at about 50 nA/cm 2 for Ar 16000 irradiation. For secondary ion yield evaluation, positive secondary ions emitted from Si were measured with TOF mass spectrometry (TOF-MS). The details of the secondary ion measurement using size-selected GCIB have been described previously [10, 11] . In this experiment, the cluster ion beam was incident on Si at an angle of 45°with respect to the surface normal. Fig. 3 shows the variation of the sputtering yield of Si as a function of incident cluster size. The sputtering yields were calculated from the etching depth and ion dose. The irradiation ion dose was 5×10 14 ions/cm 2 and the area was 2×2 mm selection was about 2000 atoms/cluster. The yield was about 35 atoms/ion, and which was lower than that with size-selected Ar 2000 . The sputtering yield with 20 keV Ar 700 , about 50 atoms/ion, was much higher than that with 20 keV Ar atomic ion, about 1 atoms/ion [12] because of high density energy deposition and multiple collision processes. Whereas the sputtering yield with 20 keV Ar 8000 (2.5 eV/atom) was only about one fifth of that with 20 keV Ar 2000 (10 eV/atom), because the decrease of the sputtering yield with decreasing incident energy-per-atom was higher than the increase of the sputtering yield with increasing incident cluster size when cluster ion was as slow as the threshold energy for sputtering. On the other hand, the sputtering yield under the irradiation of the smaller cluster was not so different than with 2000 atoms/cluster. Under these conditions, the energies of the constituent atoms were much higher than the threshold energy for sputtering, and it would be that the number of incoming atoms and their velocity have about the same effects on sputtering. These effects of size and energy-per-atom on sputtering yield agree with the dependence of the number of displaced Si atoms under Ar cluster bombardment calculated by MD simulation [5] . Fig. 4 , the threshold energy-peratom for Si sputtering was estimated to be between 1.0 and 2.0 eV/atom. The threshold energy for Si sputtering by Ar atomic ion bombardment was reported to be about 40 eV and it was higher than the value of the surface binding energy of Si, about 4.6 eV [12] . In this experiment, the threshold energy-per-atom for sputtering was lower than the surface binding energy of Si because of multiple collisions between the cluster ion and surface atoms.
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RESULTS AND DISSCUSSION
The secondary ion yields were calculated from the secondary ion counts and ion dose. As shown in the solid circle in Fig. 4 , the secondary ion yield also decreased with decreasing incident energy-per-atom. However, the Si + yields decreased more rapidly than the Si sputtering yields. For incident cluster sizes, below 1500 atoms/cluster, Si and Si + were emitted from the Si surface with high intensity under cluster ion bombardment. On the other hand, when the cluster size was about 3000 atoms/cluster, Si + ions were rarely emitted, although neutral Si atoms were still emitted. The threshold energy-per-atom of incident cluster ion for Si + emission was estimated to be about 8 eV/atom, and it was a few times higher than the threshold energy for Si sputtering. These differences between Si and Si + emissions were attributed to the ionization of sputtered Si particles. The ionization energy of Si is 8.16 eV and it is about the same of the threshold energy-per-atom of Si + emission. This result indicates that the surface atoms were easily sputtered with cluster ion bombardment because of multiple collisions, but the sputtered particles couldn't gain enough energy to ionize when the incident energy-per-atom was at a value between sputtering and ionization threshold energy, and only neutral particles were emitted.
CONCLUSION
The variations of sputtering and secondary ion yields with incident cluster energy-per-atom and size were investigated. The incident cluster ion beam size was selected by using the TOF method. It was found that the secondary ion yield decreased with decreasing cluster energy-per-atom more rapidly than sputtering yield because the ionization energy of Si is about twice the surface binding energy of Si. The threshold energy for the sputtering was lower than the surface binding energy of Si, whereas the threshold energy for secondary ion emission was 8 eV/atom, i.e. approximately the same as the ionization energy of Si. .
